Recently, a new frequency-domain equalization (FDE) technique, called overlap FDE, that requires no GI insertion was proposed. However, the residual inter/intra-block interference (IBI) cannot completely be removed. In addition to this, for multicode direct sequence code division multiple access (DS-CDMA), the presence of residual interchip interference (ICI) after FDE distorts orthogonality among the spreading codes. In this paper, we propose an iterative overlap FDE for multicode DS-CDMA to suppress both the residual IBI and the residual ICI. In the iterative overlap FDE, joint minimum mean square error (MMSE)-FDE and ICI cancellation is repeated a sufficient number of times. The bit error rate (BER) performance with the iterative overlap FDE is evaluated by computer simulation.
Introduction
With the growing mobile wireless communication market, there has been a tremendous demand for high-speed data services [1] . The wireless channel is composed of many distinct propagation paths having different time delays, resulting in a frequency-selective fading channel [2] . Direct sequence code division multiple access (DS-CDMA) using rake combining is used in the present cellular mobile communication systems for data transmissions of up to around a few Mbps [3] , [4] . Recently, a lot of research attention is paid to the next generation mobile communication systems that will support data services of higher than several tens of Mbps. The wireless channel for high speed data transmission is severely frequency-selective and the bit error rate (BER) performance with the rake combining degrades due to a strong inter-path interference. Hence, an advanced equalization technique is indispensable.
Recently, it was shown [5] - [8] that frequency-domain equalization (FDE) based on the minimum mean square error (MMSE) criterion can provide much better BER performance of DS-CDMA than the rake combining in a severe frequency-selective channel. In DS-CDMA with MMSE-FDE, the insertion of the guard interval (GI) is necessary to avoid inter-block interference from the previous block and intra-block interference of its own block. However, the transmission efficiency is reduced by the GI insertion. A cyclic prefix (CP) reconstruction technique was proposed to a) E-mail: takeda@mobile.ecei.tohoku.ac.jp DOI: 10.1093/ietcom/e91-b. 6.1942 suppress both the inter-block interference and intra-block interference in [9] . Recently, overlap FDE has been proposed in [10] , [11] to suppress the residual inter/intra-block interference (IBI) after MMSE-FDE. Since, in overlap FDE, the inter-block interference and intra-block interference need not separately be treated unlike [9] , the terminology 'IBI' is used in this paper to represent the inter/intra-block interference. The impulse response of MMSE-FDE filter does not spread over the entire FFT block. Hence, the residual IBI after MMSE-FDE is present only at the edge of the FFT block. This fact can be exploited to avoid the GI insertion. By overlapping consecutive FFT blocks and picking up a middle M(≤ N c )-chip part of N c -chip block after MMSE-FDE, the residual IBI can be suppressed (this technique is called overlap FDE). However, overlap FDE cannot completely remove the residual IBI. In addition, the presence of the residual inter-chip interference (ICI) after FDE distorts orthogonality among the spreading codes. The residual IBI and the residual ICI degrade the downlink BER performance as the code multiplexing order increases. The frequency-domain interference cancellation for DS-CDMA uplink was proposed in [12] . Recently, we proposed a joint MMSE-FDE and frequency-domain ICI cancellation to improve the BER performance of the DS-CDMA downlink transmission [13] . However, in [12] , [13] , DS-CDMA with the GI insertion is considered.
In this paper, we propose an iterative overlap FDE for multicode DS-CDMA to suppress both the residual IBI and the residual ICI. In the iterative overlap FDE, after joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times to suppress the residual ICI, a middle Mchip part of N c -chip block is picked up to suppress the residual IBI. If the residual ICI is sufficiently suppressed by the ICI cancellation, the MMSE weight approaches the maximum ratio combining (MRC) weight. The impulse response of MRC-FDE filter is concentrated in close vicinity to the edge of an FFT block. Hence, the residual IBI can be sufficiently suppressed by the iterative overlap FDE.
Remainder of this paper is organized as follows. Section 2 presents the conventional overlap FDE and shows that the performance degradation from the theoretical lower bound is mainly due to the residual IBI and the residual ICI. In Sect. 3, to suppress both the residual IBI and the residual ICI, the iterative overlap FDE is proposed. In Sect. 4, the achievable BER performance of the iterative overlap FDE in a frequency-selective Rayleigh fading channel is evaluated by computer simulation. Section 5 offers some conclusions.
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Conventional Overlap FDE
In this section, we investigate the impulse response of MMSE-FDE filter to explain why overlap FDE can work successfully without requiring the GI insertion. After the transmission system model using overlap FDE is presented, the simulated BER performance using overlap FDE is shown.
Impulse Response of MMSE-FDE Filter
The simulation parameters are summarized in Table 1 . We assume QPSK data modulation, an FFT block size of N c =256 chips. The channel is assumed to be a frequencyselective block Rayleigh fading channel having a chipspaced L=16-path uniform power delay profile. Perfect chip timing and ideal channel estimation are assumed.
One shot observation of the impulse response of MMSE-FDE filter is shown in Fig. 1 . The impulse response does not spread over the entire FFT block of N c chips. Therefore, the residual IBI after MMSE-FDE is present only close to the edge of the FFT block if the maximum time delay of the multipath channel is much shorter than the FFT block size. This is exploited by overlap FDE. The consecutive FFT blocks are overlapped as shown in Fig. 2 , and a 
Transmission System Model
The transmission system model for multicode DS-CDMA with conventional overlap FDE is illustrated in Fig. 3 . At the transmitter, a binary data sequence is firstly data modulated and then, serial/parallel (S/P) converted to U parallel data sequences. The uth data modulated symbol sequence is then spread by multiplying it with an orthogonal spreading sequence. The resultant U chip sequences are multiplexed and further multiplied by a common scramble sequence to make the resultant multicode DS-CDMA signal like whitenoise.
The multicode DS-CDMA signal is transmitted over a frequency-selective fading channel and is received at a receiver. The received chip sequence is decomposed by N cpoint FFT into N c frequency components. Note that the consecutive FFT blocks are overlapped as shown in Fig. 2 . After MMSE-FDE is carried out, inverse FFT (IFFT) is applied to obtain the time-domain received chip sequence. A middle M-chip part of N c -chip block is picked up. Finally, a sequence of M-chip block is despread to recover the received data.
Simulated BER Performance
The simulated BER performance of multicode DS-CDMA with overlap FDE is plotted for various values of M in Fig. 4 as a function of the average received bit energy-to-additive white Gaussian noise (AWGN) power spectrum density ra-
, where SF is the spreading factor and E c /N 0 is the average chip energyto-AWGN power spectrum density ratio. The spreading factor SF is assumed to be SF=16 and the code multiplexing order U is the same as SF. For comparison, the theoretical lower bound [8] and the BER performance of DS-CDMA with a GI of N g = 32 are also plotted (the GI insertion loss in E b /N 0 is taken into account). The BER performance of overlap FDE is close to that with the GI in a lower E b /N 0 region, but a BER floor still exists due to the residual IBI. A big performance gap is seen between the theoretical lower bound and the BER performance with overlap FDE. Even with the GI (i.e., no IBI is present), the performance gap is as much as 7.7 dB for BER = 10 −4 . The reason for this is given as follows. Zero-forcing (ZF)-FDE aims to perform the perfect restoration of frequency-nonselective channel, but produces the noise enhancement. However, MMSE- FDE mitigates the noise enhancement by giving up the perfect restoration of the frequency-non-selective channel. The performance degradation from the theoretical lower-bound is due to the presence of the residual ICI and slightly increased noise power (because the noise enhancement cannot be completely mitigated).
Proposed Iterative Overlap FDE
In this paper, we propose the iterative overlap FDE to sufficiently suppress both the residual IBI and the residual ICI.
In the iterative overlap FDE, after joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times to suppress the residual ICI, a middle M-chip part of N c -chip block is picked up to suppress the residual IBI. As the number of iterations increases, the FDE weight approaches the maximum ratio combining (MRC) weight since the residual ICI can be better suppressed [13] . Figure 5 (a) shows one shot observation of the impulse response of MMSE-FDE filter after 3 iterations, which is seen to be much closer to the impulse response of MRC-FDE filter (this can be understood by comparing Figs. 5(a) and (b)). The impulse response concentrates in close vicinity to τ = 0 compared to that of the original MMSE-FDE filter (compare Fig. 1 and Fig. 5(a) ). This suggests that the residual IBI can be much reduced by the iterative overlap FDE compared to the conventional overlap FDE, thereby reducing the error floor caused by the residual IBI.
Transmission System Model
The transmission system model for multicode DS-CDMA with the iterative overlap FDE is illustrated in Fig. 6 . At the transmitter, a binary data sequence is firstly data modulated and then, S/P converted to U parallel data sequences. The uth data modulated symbol sequence d u (n), u = 0 ∼ U −1, is then spread by multiplying it with an orthogonal spreading sequence c u (t). The resultant U chip sequences are multiplexed and further multiplied by a common scramble sequence c scr (t). Finally, the SF × M row-column chip interleaving is applied. At the receiver, the received chip sequence is decomposed by N c -point FFT into N c frequency components. Note that the consecutive FFT blocks are overlapped as shown in Fig. 2 . MMSE-FDE is carried out, and then, ICI cancellation is performed in the frequency-domain. IFFT is applied to obtain the time-domain received chip sequence. After chip deinterleaving is applied, despreading, log-likelihood ratio (LLR) computation and soft symbol replica generation are carried out. The soft symbol replica is respread and chip-interleaved for updating the residual ICI replica. Re-spreading of erroneous symbol replica results in error propagation over consecutive SF chips. To avoid this, chip interleaving is used after spreading. Joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times. A middle M-chip part of N c -chip block is picked up. Finally, a sequence of M-chip block is despread to recover the received data.
Transmit and Receive Signals
Throughout this paper, chip-spaced time representation of the transmitted signals is used. At the transmitter, the spread chip sequence is interleaved by the SF-by-M block chip-interleaver. The spread and interleaved signal chip sequence {ŝ(t); t = . . . , −1, 0, 1, . . .} to be transmitted can be expressed, using the equivalent lowpass representation, aŝ
where E c and T c denote the chip energy and the chip duration, respectively, and s(t) is given by
with |c u (t)| = |c scr (t)| = 1, where x represents the largest integer smaller than or equal to x. The propagation channel is assumed to be an L-path frequency-selective block fading channel. The impulse response h(τ) of a multipath channel can be expressed as [14] 
where h l and τ l are the complex-valued path gain and time delay of the lth path (l = 0 ∼ L − 1), respectively, with
denotes the ensemble average operation). The received chip sequence {r(t); t = . . . , −1, 0, 1, . . .} can be expressed as
where η(t) is a zero-mean complex Gaussian process with a variance of 2N 0 /T c with N 0 being the single-sided power spectrum density of the AWGN process.
Without loss of generality, we assume the detection of an SF × M-interleaved chip sequence. The N c -point FFT block is applied to the received chip sequence r(t) so that M chips of interest is placed at the center of the FFT block. For simplicity, we have assumed that the path gains remain constant over at least SF FFT blocks. The mth (m = 0 ∼ SF − 1) FFT block can be expressed, using r(t), as {r m (t) = r (t + mM − (N c − M)/2); t = 0 ∼ N c − 1} (see Fig. 8 ). For performing FDE, the desired signal component must be expressed as a circular convolution between the channel impulse response and the transmitted N c -chip block over t = 0 ∼ N c − 1. Since the GI is not inserted, the IBI component appears. r m (t), m = 0 ∼ SF − 1, can be expressed as
where
and ν m (t) is the IBI component and is given by
with
In Eq. (6), s m−1 (t + M − τ l ) {u 0 (t) − u 0 (t − τ l )} is the interblock interference from the (m − 1)th block and s m ((t − τ l ) mod N c ) {u 0 (t) − u 0 (t − τ l )} is the intra-block interference of the mth block itself as shown in Fig. 7 . In this paper, the terminology 'IBI' is used to represent the inter/intrablock interference as stated in Sect. 1.
Joint MMSE-FDE and ICI Cancellation
Joint MMSE-FDE and ICI cancellation is repeated in an iterative fashion. Below, the ith iteration is described. N c -point FFT is applied to decompose {r m (t);
The kth frequency component R m (k) can be written as 
MMSE-FDE is carried out as follows: 
is an interference factor [13] and ρ ICI cancellation is performed as
is the residual ICI replica, and is given by [13] (16) where s m (t) in the first term represents the transmitted chip sequence, μ 
for m = 0 ∼ SF − 1 and t = 0 ∼ M − 1. After chip deinterleaving, despreading is carried out oñ
for n = 0 ∼ M − 1.
MMSE-FDE Weight Updateing and the Residual ICI Replica Generation
The soft decision variable is used to generate the replica {s
m (t); t = 0 ∼ N c − 1} of the transmitted chip sequence. Usingd (i−1) u (n), the log-likelihood ratio (LLR) for the xth bit in the nth symbol d u (n) (n = 0 ∼ M − 1), where x = 0 ∼ log 2 K − 1 and K is the modulation level, can be computed as [15] 
) is a posteriori probability of b n,x = 0 (or 1) and d 
where 2 σ
is given by [13] .
2 σ
The soft symbol replicad
where D denotes a set of {d} and p
since p
Using {d
in Eq. (12) can be computed as
where E[|d u (n)| 2 ] is the expectation value of d u (n) for the givend
is computed, using Eq. (23), as
The replica {s (i−1) (t); t = 0 ∼ S F × M − 1} of the transmitted chip sequence s(t) is generated as
After chip interleaving, the N c -point FFT block is applied tos (i−1) (t). The mth chip block replica {s
can be expressed, usings (i−1) (t), as (see Fig. 8 )
Owing to overlap FDE, the chip block replicas N c -point FFT is applied to decompose the replica {s
Substituting Eq. (29) into Eq. (14), we obtain the frequencydomain ICI replicaM 
Using Eqs. (10)- (14), the frequency-domain signal {R
after MRC-FDE and perfect ICI cancellation is given bỹ
The frequency-domain signal {R 
whereν m (t) is the residual IBI given bŷ
Since ν m (t) = 0 for t > τ L−1 , Eq. (33) can be rewritten aŝ
It can be understood from Eq. (34) that, if the residual ICI is perfectly cancelled, the residual IBI is not present in an interval of τ L−1 < t < N c − τ L−1 . Hence, the residual IBI can be avoided by picking up the received chip sequence of an interval of τ L−1 < t < N c − τ L−1 .
Computer Simulation
The simulation parameters are the same as in Table 1 . The simulated BER performance with the iterative overlap FDE is plotted in Fig. 9 with the number i of iterations as a parameter for M = 160. We assume the spreading factor SF = 1 and 16 and U = SF. For comparison, theoretical lower bound is also plotted. The BER performance of i = 0 corresponds to the case of overlap FDE. The iterative overlap FDE can significantly improve the BER performance, while the BER floor due to the residual IBI is seen for overlap FDE (i = 0). A good BER performance is achieved for i = 3. When SF = 1, the required E b /N 0 reduction is as much as 5.1 dB for BER = 10 −3 . The E b /N 0 degradation from the theoretical lower bound is only 1.2 dB. When SF = U = 16, the BER performance is greatly improved by the iterative overlap FDE, similar to the case of SF = 1. The E b /N 0 degradation is as small as 0.9 dB from the theoretical lower bound.
The BER performance achievable by the iterative overlap FDE may depend on the degree of the channel frequency-selectivity. The BER performance of full-code multiplexed DS-CDMA with the iterative overlap FDE (i = 3) is plotted in Fig. 10 with the number L of paths as a parameter. When i = 0 (i.e., conventional overlap FDE), better BER performance is seen for larger L in a low E b /N 0 region since the frequency diversity gain gets larger. However, in a high E b /N 0 region, as L increases, the BER performance becomes worse due to the larger residual IBI. However, when i = 3, a very good BER performance is achieved by the iterative overlap FDE and no BER floor is seen irrespective of L. As L increases, the BER performance improves since the iterative overlap FDE can suppress both the residual IBI and residual ICI while achieving the frequency diversity gain.
Conclusion
Although overlap FDE can improve the BER performance of DS-CDMA without the GI, the BER floor exists due to the residual IBI. The residual ICI is also present after MMSE-FDE, which is the predominant cause of performance degradation from the theoretical lower bound. In this paper, an iterative overlap FDE was proposed. In the iterative overlap FDE, after joint MMSE-FDE and ICI cancellation is repeated a sufficient number of times to suppress the residual ICI, a middle M-chip part of N c -chip block is picked up to suppress the residual IBI. The BER performance with the iterative overlap FDE was evaluated by computer simulation. The iterative overlap FDE can significantly improve the BER performance irrespective of the degree of the channel frequency-selectivity. It was shown that, when L = 16 and SF = U = 1 (16) , the E b /N 0 reduction from the performance with i = 0 is as much as about 5.1 (6.4) dB for achieving BER = 10 −3 . The E b /N 0 degradation from the theoretical lower bound is only 1.2 (0.9) dB for SF = U = 1 (16) . Performance comparison between the iterative overlap FDE and the CP reconstruction technique is left as an interesting future study.
